Introduction
Since the discovery of fullerene and carbon nanotubes, the use of engineered nanomaterials has exponentially increased for various applications. Among the nanomaterials used, silver (Ag) in the form of nanoparticle and nanopowder (NP) is one of the most popular for various applications including antibacterial uses (Sharma et al., 2009) . In fact, the use of silver for therapeutic and industrial purposes traces back to the time period long before nanotechnology (Chen and Schluesener, 2008) . Today, because Ag NPs have well-documented beneficial effects due to their unique physicochemical properties that larger counterparts do not carry, ultrafine and nanopowder forms of silver penetrate tissues more effectively. Thus, Ag NP is not only used in burn and diabetic ulcer creams, but is also used in common household items such as first aid bandages, cosmetics, appliances, and clothing Kumari et al., 2010) . These products are presumed safe once in consumer hands. However, industrial workers, physicians, and researchers are increasingly exposed to a plethora of nanoparticles, the impact of which is currently unknown. While the intended uses of these materials are to benefit human health, comprehensive toxicological profiles for nano materials are yet to come.
The toxicity of silver nanoparticles (Ag NP) has been documented in a large number of in vitro studies using a number of cell lines including but not limited to human hepatoma cells , PC12 neuronal cells (Powers et al., 2010) , BRL3A rat liver cells, germline stem cells (Braydich-Stolle et al., 2005) , human lung fibroblasts, and gliablastoma cells (AshaRani et al., 2009 ). However, a fewer number of in vivo studies using animal models has been conducted Ahamed et al., 2010b; Posgai et al., 2009; Kumari et al., 2009; Li et al., 2010; Wu et al., 2009 ). The results from previously conducted studies provided consistent data indicating that Ag NP exposure elicits both oxidative stress and apoptotic responses, and that the particles can accumulate in organs including the brain.
Drosophila melanogaster, commonly known as the 'fruit fly', is an excellent organism for answering many questions regarding human health because Drosophila shares some 60-70% homology to human genes including those that encode molecules essential for carcinogenesis, pigmentation, and the nervous system (Rubin, 2000; Rand, 2010) . Because of a well-established genetics, short life cycle (10-14 days from embryo to adulthood), and highly conserved genes, many developmental discoveries have been made in Drosophila that apply to humans. In addition, the average cost for conducting an in vivo exposure experiment by using Drosophila is a lot lower than that of other animal models. For these reasons, this study aims to assess the feasibility of using Drosophila as an in vivo model for future exposure-induced toxicity experiments on engineered nanomaterials including Ag NP.
The three major entry modes of nanoparticles or nanomaterials typically include inhalation, epidermal absorption, and ingestion. Currently, Ag NP is used in food packaging as well as in medical treatment procedures (Johnston et al., 2010) . Ag NP also has been shown to accrue in waste, and the silver particulates could contaminate consumer's food and drinking water (Fernandez et al., 2010; Erickson, 2009; Kim et al., 2010) . Further, Ag NPs have been shown to accumulate in animal and human tissues and organs (Jonas et al., 2007; Larese et al., 2009; Ahamed et al., 2010; Tang et al., 2010a) . Given the great potential for human ingestion of Ag NP, this study aims to understand the impacts of Ag NP exposure through the ingestion mode on phenotypic outcomes and behavioral characteristics of Drosophila. The implications for Ag NP effect on pigmentation, life span, and behavioral response are discussed.
Materials and Methods

Experimental Design
Silver nanoparticles (Ag NP) of different concentrations ranging between 0.05% (89.3 ppm) and 5.0% (8930 ppm) were prepared to determine the exposure effects at different developmental stages. A manageable number of newly emerged parental flies were either exposed immediately to a given Ag NP concentration (P + , exposed parents) or placed in food vials that contained control food (P-, unexposed parents). The eggs laid by these parents were collected and transferred to either Ag NP-containing food (L + , larvae exposure) or to food lacking Ag NP (L -, larvae unexposed) as described in the Drosophila Nanopowder Exposure section below. Progression through all developmental stages was monitored: egg hatching into the F1 generation of larvae, larval progression, pupal stage development, and eclosion of adult flies. Groups of F1 adult flies were then monitored for the presence or absence of pigment and longevity for up to 20 days. Experiments were conducted by using triplicate samples with each set comprised ~200 eggs. During each developmental stage, observation of overt phenotypes was documented. F1 generation adults that had emerged from larvae exposed to Ag NP (L + ) were assessed for climbing behavior as described below. Data from all replicate experiments was assessed using a student T-test shown elsewhere.
Statistical analysis of Developmental Progression, Maternal versus Larval Exposure Analysis, and Life Span Assessment
All calculations for average, standard deviation, and t-test were performed using Microsoft Excel version 2007 formulas. Triplicate samples were used during the study unless otherwise specified. For the developmental progression analysis in Figure  2 , three replicates of ~200 eggs per condition were run. As the percent eggs laid was arbitrarily set to 100%, the average percent and standard deviation of eggs that progressed to each developmental stage (larval, pupal, and adult (shown in both Figure 2 and Table 1 )) were calculated. T-tests were performed for each stage (larval, pupal, and adult) using the unexposed group as a control. For the analysis on exposure timing effect as shown in Figure 3b, For the life span analysis, replicate runs of at least 50 flies per conditions were observed for 20 days after eclosion from pupal cases. Because flies in each group died at different times during each run the weighted average was calculated to assess approximate length of survival for the group as a whole. Statistical comparisons between the control group and each Ag NP condition were assessed using a one-tailed T-test.
Silver Nanopowder (Ag NP)
The TEM image of the silver nanopowder (Ag NP) used in this ingestion exposure study is shown in Figure 1 . Commercially available Ag NP was used (Sun Innovations Corp., Fremont, CA). Ag NP was added to filtered water (NanoPure Diamond from Barnstead). A suspension of Ag NP in purified water was prepared at different concentrations so that their converted final concentration after mixing with food would be equivalent to the concentration levels used for the study (i.e., 0.05, 0.1, 0.3, 0.5, 1.0, 2.0, and 5.0% in dry Ag NP to dry food weight). For example, for 0.5% Ag NP food (dry weight of Ag NP in dry food weight), 125 mg of Ag NP was mixed in 140 ml of water. This makes up a 893 ppm concentration of Ag NP in prepared food which is equivalent to 8.3 mM Ag NP (125 mg/108 mg/ mole/0.14L of water). Before Ag NP was mixed with the fly food, the Ag NP suspension was sonicated for at least 30 minutes to obtain a homogeneous dispersion, and the physical dimensions of the Ag NP in suspension were evaluated by using a dynamic light scatter (DLS using a CGS 3 spectrometer (ALV GmbH, Germany) equipped with a helium-neon laser (633.4 nm) and goniometer). The average radius of the Ag NP used was 16.7±0.30 nm. The average width was 11.3±0.30 nm. DLS measures the hydrodynamic diameter particles in suspension and presents the average values of the measured particles.
Drosophila Nanoparticle Exposure
A commonly used control fly strain, w1118 (Bloomington Stock # 3605), was chosen to initiate nanoparticle exposure experiments. Fifty virgin female and 30 male flies were collected and placed (within 24 hours) into cages capped with grape juice agar plates for egg collection. Each plate contained 1 gram of Nutri-FlyTM BF food (catalog# 66-112, Genesee Scientific) with a different concentration of silver nanoparticles (0.05%, 0.1%, 0.3%, 0.5% and 1.0%) or control food (0% Ag NP). Four different exposure settings were created. 1) Newly emerged parental flies (P generation) were exposed to Ag NP, their eggs collected and transferred to hatch in food containing Ag NP for the larval (L) exposure (P + /L + ). 2) Newly emerged P generation flies were exposed to Ag NP and the larvae were unexposed (P + /L -). 3) Exposure-free P generation flies and their progeny larvae exposed to Ag NP (P -/L + ), and 4) Exposure-free P generation flies and then progeny larvae were also unexposed (P -/L -). Forty-eight hours after flies were transferred to food, eggs were collected for 24 hours at 25 o C. Because w1118 lacks eye pigmentation, the Oregon RS strain (Bloomington Stock #4269) with wildtype eye color was used to look at the impacts of Ag Table 1 . Outcomes of Exposure to Silver Nanopowder on developmental progression, life expectancy, reproductive ability, and pigmentation. 1 The standard deviations are shown (±). T-tests indicate significant differences in the percent of Ag NP-exposed embryos progressing to adulthood as compared to control: 0.3% (p = 0.044), 0.5% (p-value = 0.012), 1.0% (p-value = 0.003), 2.0% (p-value =0.003) and 5.0% (p-value = 0.005).
2 Standard deviations are shown (±). T-test calculations indicate that survival time differences for 5.0% (p-value=0.0004), 2.0% (p-value = 0.0006) and 1.0% (p-value = 0.0011) were significant compared to control. Survival length in days was not significantly different for all other concentrations. Adults were observed for a 20-day period.
3 Adult pigmentation was determined at the day of death. Emergent F1 generation adult flies were maintained on a continuous concentration of silver nanoparticle-containing food during parental and larval stages (P + /L + condition). F1 generation adults were observed every 2-3 days for up to twenty days.
NP exposure (0.05% and 1.0%) on eye color. All stages were kept at 25 o C. All experiments as describe
were completed in triplicate. Collected eggs on plates containing the fly food with each concentration of silver (Ag) nanoparticle powder were counted immediately and then 24 hours later to determine the hatch rate. The numbers of unhatched eggs, larvae, pupae, and adults were counted and recorded. All data was entered into Excel spreadsheets, with averages, and standard deviations calculated using Excel formulas (Microsoft Office Excel 2007) . For the longevity study, the filial generation adult flies (i.e. F1), which resulted from larvae fed Ag NP, were maintained on food that either had Ag NP or lacked Ag NP for approximately 3 weeks and observations recorded in table format.
Assessment of Pigmentation
Emergent flies (F1 generation) from all four exposure groups (P
were evaluated for pigmentation by using a Leica LZ6 steromicroscope. Flies were photographed using a FinePix F20 SE digital camera and XD-picture card (Fuji Photo Film, Ltd. Tokyo, Japan) temporarily mounted to the scope using the Orion SteadyPixTM Deluxe stand (Orion Telescopes & Binoculars, Watsonville, CA). Three independent experiments were completed.
Climbing Behavior Analysis
Climbing assays were performed on F1 generation flies as previously described (Jimenez-Del-Rio et al., 2010; Chaudhuri et al., 2007) with the exceptions that the height of the climb was 7 cm and the age of the flies in this study was specified at 9-days old. The flies (F1 generation) emerging from both groups of larvae, either Ag NP exposed or non-exposed, were tapped down to induce climbing behavior and video recorded (Sharp Viewcam Liquid Display Camcorder model VL-E760U). Video recordings were transferred to digital format using a DVD Maker USB 2.0 (USB2800D, KWorld (USA) Computer Co., Ltd, Irvine, CA). Windows Movie Maker software was used to generate snapshots for Figure 6B and to create the video in supplementary materials. Video play-back was halted using the 'still' function to measure the rate of climbing for the first 5
Atlas Journal of Biology -ISSN 2158-915. Published By Atlas Publishing, LP (www.atlas-publishing.org) Fig. 2 . Impacts on Developmental Progression by Silver Nanopowder (Ag NP) Ingestion. Newly emerging P generation flies were fed on Ag NP containing food; subsequently, their larvae were exposed to Ag NP-containing food (P + /L + condition) and assessed for progression through larval, pupal and adulthood (F1 generation). In Panels A and B, results are shown as percentages of live organisms at each developmental stage (egg, larvae, pupae, or F1 adult) in the form of dose response curves for each concentration of Ag NP as indicated. Panel A, non-exposed, control fed organisms ((P -/L -), blue diamonds), 0.05% Ag NP (red squares), 0.1% Ag NP (green triangles), and 0.3% Ag NP (purple Xs). Panel B, results from different Ag NP concentration exposures; 0.5% Ag NP (blue diamonds), 1.0% Ag NP (red squares), 2.0% Ag NP (green triangles) and 5.0% Ag NP (purple Xs) are directly comparable to Panel A. A total of three replicate experiments were run using approximately 200 eggs per experimental condition. Since the number of eggs laid per condition was equivalent, the percent of eggs laid was arbitrarily set at 100% for each condition and the standard deviation (bars) is shown for larval, pupal, and adult stages. One-tailed T-test analysis was completed by comparing percent larvae, pupae, or adult flies in each Ag NP condition to the percent of larvae, pupae, or adult flies surviving in the control condition. For 0.5% (p-value=0.033), 1.0% (p-value=0.028), 2.0% (p-value = 0.009) and 5.0% (0.009) Ag NP exposure, the percent of pupal cases observed was significantly fewer than in the control condition. Further, the percent of adult eclosion was also significantly lower among the F1 generation flies exposed to higher 0.3% Ag NP concentrations and higher.
flies that ascended to the top (6-7 cm for control flies) and the time recorded. Locomotion speed was calculated by dividing the distance by the time elapsed. Trials were run three times for each concentration from 0.05% (89.3 ppm) to 0.5% (893 ppm) of Ag NP.
Statistical Analysis on Climbing Behavior
Statistical analysis on climbing behavior data was accomplished using Microsoft Excel 2007 two-tailed T-test for 15 independent flies per condition.
Results
Impairment of Developmental Progression by Ingested Silver Nanoparticles
To determine the developmental stage(s) at which fruit flies may be most sensitive to dietary silver nanoparticles (Ag NP) exposure, Drosophila melanogaster adult flies and their progeny were exposed to non-coated Ag NP and monitored throughout development from egg hatching to adult ecolosion. Newly emerged, unexposed male and female parental flies (P generation) were collected and immediately exposed to food with Ag 56 NP (P + ) or a control food without Ag NP (P -). The number of eggs laid by the parental (P) adult flies with a history of exposure of any amount of Ag NP during their adult stage (i.e., P + ) was comparable to the number of eggs laid by the flies fed non-exposed food (P-) (~200±50 per overnight plate; p-value = 0.05 for all concentrations versus unexposed control). In addition, the hatch rates of eggs laid by both P + mothers (at 1.0% Ag NP exposure) and P-mothers were also comparable at nearly 95±5% (pvalue = 0.14). However, when the F1 generation larvae were exposed to any amount of Ag NP, developmental progression of the larvae to the pupal stage presented a different picture. In the group of larvae exposed to Ag NP at concentrations of 1.0% and above, only a small percentage of the F1 generation embryos progressed through the larval stages to reach the pupal stage (~13-40%, Figure 2B ) while around 92±8% of non-exposed larvae reached the pupal stage (Figure 2A ). Compared to the non-exposed group in which 87±7% of the F1 generation embryos progressed to adulthood, the eclosion rates of larvae exposed to higher Ag NP concentrations are dramatically reduced to 1-7% (1.0% and above, Figure 2B , p-values less than 0.05: i.e., 0.003, 0.003 and 0.005 respectively). At the 0.5% Ag NP concentration (893 ppm), about 39±6% of embryos progressed to the pupal stage with only 20 ±6% emerging as adults ( Figure 2B , p-value = 0.030). For larvae fed less than 0.3% Ag NP, eclosion rates appeared to plateau at 65±2% and never achieved an eclosion rate equivalent to control fed F1 generation flies (87±7%) under our experimental conditions (Figure 2A , compare 0.1% and control). When parental flies and their larvae (L) were exposed to a diet containing 0.3% Ag NP (P + /L + ), then more than 65% of eggs developed to the pupal stage with 45±4% eclosing as adults (compare 2A to 2B). Thus, with about half the embryos eclosing as adults, the 0.3% Ag NP conditions approximated a lethal dose 50 (LD50).
It was apparent that F1 generation larvae from the two groups differed in size (Fig 3A) . While the non-exposed larvae grew to a size of ~2 mm, the majority of the 1.0% Ag NP fed larvae remained at a length of 1mm or less over the same 5-day period ( Figure 3A) . In order to determine if timing of exposure to Ag NP is a critical factor for developmental progression, a combination of four exposure conditions was tested as shown in Figure 3B (i.e., P + /L + (parent exposed/larvae exposed), P + /L -(parent exposed/larvae non-exposed), P -/L + (parent non-exposed/larvae exposed), P -/L -(parent non-exposed/ larvae non-exposed)).
When the F1 generation of larvae were not exposed to Ag NP, the parental (P) exposure history, either P + or P -, did not influence the numbers of larvae reaching the 3rd instar stage as much as the other cases where the larval history of exposure, either L + or L -, was compared (i.e. P
. When larvae are exposed to Ag NP, noticeably fewer larvae progressed to 3rd instar, regardless of parental exposure ( Figure 3B ). Two-tailed T-tests indicate that the effect of Ag NP exposure at the parental stage (P) does not significantly affect larval progression at all three larval stages (i.e. p-value greater than 0.05). Rather, larval progression to the 3rd instar stage appears significantly impacted if exposure happens during their larval stage. For exposed parental groups (P + /L -vs P + /L + ), for example, the history of exposure at the larval stage showed a statistically significant difference in reaching the 3 rd instar stage (p-value = 0.008). In a similar way, when parents do not have an exposure history, the Ag NP exposure at a larval stage showed a difference at a statistically significant level in progressing to the 3 rd instar stage (p-value = 0.007). Thus, it appears that maternal exposure to the Ag NP does not significantly impact larval development. Instead, Ag NP exposure during larval stages seems to negatively affect larval progression.
Exposure Timing and Concentration Dependent Pigmentation Level in Adult Flies
The few w1118 adult flies (F1 generation) that emerged at the initial tests of 1.0% Ag NP appeared to completely lack ). White arrows point to the third abdominal stripe in each female adult. Control, 0.05% Ag, 0.3% Ag and 0.5% Ag flies were less than 8 hours old, while the 1.0% Ag NP fly was 24 hours old. body pigmentation. To investigate whether this phenomenon of loss of pigmentation is a gradual event or if there is a threshold exposure level, experiments were conducted with doses ranging from 0.05% to 0.5 %, retaining 1.0% as a point of reference. The flies emerging from larvae exposed to a dose of 0.5% dietary Ag NP, regardless of parental exposure, also lacked detectable body pigmentation. Head, thorax, abdomen, legs, and bristles appeared devoid of melanin and almost appeared to have a metallic sheen (Figure 4) . The flies exposed to 0.3%, 0.1%, and 0.05% Ag NP also showed a concentration dependent reduction in pigmentation (Figure 4 and Table 1 ). Because many of the flies regained pigmentation as they aged beyond 14 days post-eclosion, the reduced pigmentation resulting from exposure to Ag NP at concentrations of 0.05-0.3% is transient. Notably, pigmentation was only affected if larvae were exposed to Ag NP, regardless of parental exposure. Furthermore, flies reared on dietary zinc nanoparticles (10-100 nm size) in concurrent experiments have never exhibited the de-pigmentation phenotype seen with Ag NP (data not shown). These data suggest that Ag NP exposure during larval development specifically affects pigmentation in adult flies.
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Atlas Journal of Biology -ISSN 2158-915. Published By Atlas Publishing, LP (www.atlas-publishing.org) ) 0.05%, 0.1%, 0.3%, and 0.5%) as described in Materials and Methods. Panel B, snapshots of the first 10 s of the 0.5% Ag NP (vial on left, marked '0.5%') versus control (vial on right, marked with 'C'). Analysis was completed by using triplicate sets of data with each set using 15 flies. The bars indicate standard deviation. T-test comparison between the 0.1% AgNP group and control showed a significant difference with p=5.1x10-07. T-test comparisons between control and 0.05% Ag NP were not significantly different.
Because the w1118 strain of flies lack eye pigmentation, the impact of Ag NP exposure on eye color was tested by using the Oregon R adult flies. Comparing the eye color of control-fed F1 generation males (24 hr old and virgin) to 1.0% Ag NP F1 generation reared males (24 hrs old), we observed that the flies from the exposed parental/larval (P + /L + ) group lacked body pigmentation while the eye color was virtually unaffected (Figure 5A and B) . In this strain, the contrast between the pigmented bristles on control-fed and the unpigmented bristles of the Ag NP fed flies is more pronounced (Figure 5B, arrows) . This result suggests that the observed de-pigmentation due to Ag NP exposure is specifically affecting body or cuticular pigmentation. Taken together, the observations support the hypothesis that the phenotypic characteristic of losing cuticular pigment is exposuretiming specific (larval stages) and Ag NP dependent.
Stage Specific Exposure related to Life Span Reduction
The F1 generation larvae exposed to high levels of Ag NP (L + ) suffered reduced longevity. F1 generation flies exposed to1.0%-5.0% Ag NP-containing food during their larval stage only lived at most 2±0.3 days post-eclosion without producing progeny, (F2 generation, Table 1 ). However, F1 generation flies exposed to lower Ag NP concentrations during their larval stage lived longer, 18-20 days, with life spans comparable to the control group, 20±1days, and successfully reproduced (F2 generation, Table 1 ). Only the 1.0-5.0% exposed flies lived significantly fewer days than control flies (all p-values less than 0.0011, Table 1 legend). The role of Ag NP exposure during the larval stages of Drosophila development became even more clear when the F1 generation adults arising from non-exposed larvae (L-) were transferred to food vials with various Ag NP concentrations: these flies retained their pigmentation and all of the flies lived as long as control-fed flies in a 20-day exposure time (80±10% flies survived in all groups, p<0.05). Further, exposure of the parental (P) generation to Ag NP did not significantly affect the life span of the F1 generation adult flies (data not shown). All these observations indicate the significance of exposure timing, especially during the larval stage, on the longevity of adult flies.
Compromised Climbing Behavior Among Drosophila Reared on the Ag NP Diet
Because pigmentation defects can be linked to developmental abnormalities including reduction in locomotor ability (Walter et al., 1991; Wright et al., 1976; Drapeau et al., 2003; Neckameyer et al., 2001; Suh and Jackson, 2007) , we wanted to assess whether F1 generation adult flies arising from larvae reared on a Ag NP diet exhibited decreased locomotor behavior. To accomplish this we used the climbing behavior assay as previously described (Jimenez-Del-Rio et al., 2010; Chaudhuri et al., 2007) . Briefly, groups of ten F1 generation, Ag NPreared flies (P + /L + ) versus control F1 generation flies (P -/L -) were compared for their ability to climb a vial wall approximately 7cm in height after being tapped down.
Since flies arising from the food with 1.0% Ag NP were few in number, climbing analysis was carried out on F1 generation flies emerging from an exposure concentration of 0.5% Ag NP and lower. The rate of locomotion of the exposed adult flies seemed to be inversely proportional to the Ag NP concentration. Analysis of digital videography confirmed that the rate of negative geotaxis is inversely proportional to the amount of Ag NP in the diet. Comparing the 0.05% Ag NP group to the 0.5 % group, the observed decrease in the rate of climbing is from 2.25 cm s -1 to 0.55 cm s -1 ( Figure 6A) . A T-test comparison of the climbing rates of F1 generation adult flies in the unexposed group versus the exposed group (0.1% Ag NP) suggested that the difference is statistically significant (at a p-value less than 0.05, Figure 6A ). In Figure 6B is an example taken from the video recordings, illustrating that the organisms fed the high Ag NP concentration (0.5% Ag NP), climb at a slower rate than unexposed, control flies at the time marks of 0s, 5s, and 10s post tap-down ( Figure  6B , compare 0.5% Ag NP-fed flies on left to control (C) flies on right). Regardless of the exposure concentration levels, the multiple sets of one-minute videos revealed that once the Ag NP-fed flies reached the apex of their climb, their movement essentially ceased (see supplementary video footage). In general, the higher the Ag NP exposure level, the shorter the distance traversed in the allotted 60 second time period. For example, the majority of flies emerging from the larvae exposed to 0.3% and 0.5% Ag NP diets were observed to climb for 10-20 seconds, halt at the 0-4 cm mark, and appear to tremble in place for the remainder of time. In contrast, the majority of flies resulting from developmental doses of 0.1% and 0.05% Ag NP climbed to the apex of ~6.5 cm at rates approximating control rates (within 20s or 10s respectively), but again exhibited reduced lateral movement and jumping activity compared to control fed flies. Taken together, the observations suggest that exposure to dietary Ag NP during larval development appears to reduce climbing behavior in emergent Drosophila melanogaster adult flies.
Discussion
In this study, we have exposed Drosophila melanogaster to dietary silver nanopowder (Ag NP) at different developmental stages to determine the overall effects on the fly life cycle. The results suggest that exposure during the parental stage (P generation) does not significantly affect developmental progression of the F1 generation larval progeny (L) and that Ag NP-exposure levels of 0.3% resulted in an overall survival rate that approximated an LD50. Specifically, Ag NP-exposure during F1 generation larval development appeared to negatively impact larval progression, decreased F1 generation adult longevity, altered F1 generation adult locomotor behavior, and decreased F1 generation adult pigmentation. In humans, exposure to silver has been documented to cause medical conditions such as argyria, an irreversible grayish discoloration of the skin (Payne et al., 1992; Chen and Schluesener, 2008; Kwan et al., 2009) . As levels of Ag NP are now detectable in the human environment (Kim et al., 2010; Ahamed et al., 2010; Chen and Schluesener, 2008) , it is imperative to investigate the entire spectrum of impacts on health.
De-pigmentation may be due to induction of a stress response. Previous reports indicate that increased stress levels can effect pigmentation, and may be associated with increased expression of heat shock protein 70 (hsp70) (Denman et al., 2008; Galvan and Alonso-Alvarez, 2009; Glassman, 2011) . Posgai et al showed that 3rd instar larvae feeding on 50 mg/ml and 100 mg/ml coated Ag NP of 10 nm in size have increased levels of proteins responding to stress including glutathione S transferase (GST), superoxide dismutase (SOD) and heat shock protein 70 (hsp70) (Posgai et al., 2009 ). Exposure to zinc nanoparticles (Zn NP) also induces a stress response and increases the level of hsp70 in marine organisms (Heng et al., 2010; Wong et al., 2010) . However, in the present study Drosophila exposed to Zn NP in comparable amounts to the Ag NP exposures did not lose pigmentation (data not shown). From these observations and previous findings, the mechanism(s) through which Ag NP exposure is associated with de-pigmentation in fruit flies seems to be exposure agent specific.
The mechanisms through which Ag NP exposure during F1 larval stages may cause de-pigmentation, reduced longevity, and reduced locomotor activity in fruit flies could be multi-factorial. While eye pigmentation involves a myriad of genes performing various functions (Lloyd et al., 1998) , pigmentation of the adult cuticle (or body) results predominantly from the defined biochemical synthesis of melanins via the melanization/dopamanine pathway. This pathway has been well described and involves a number of enzymes encoded by genes such as: pale, yellow, Dopa decarboxylase (Ddc), and ebony (Sugumaran, 2009; Sugumaran et al., 1992; Wittkopp and Beldade, 2009; Wittkopp et al., 2003; Tang, 2009; Carroll, 2005; Han et al., 2002) . Dopamine metabolism is known to generate reactive oxygen species (ROS) which can affect the nervous system and overall negatively affect longevity (Perez and Hastings, 2004) . In a previous report, it was shown that fly strains with short life spans appeared to have increased pigmentation compared to long-lived fly strains and that deeper pigmentation was associated with increased dopamine levels, increased oxygen consumption, and increased locomotor activity which indirectly assesses ROS levels (Vermeulen et al., 2006) . In contrast, our study suggested that loss of pigmentation is associated with decreased longevity and decreased locomotor activity. Thus, phenotypes arising from Ag NP exposure during larval development may be due to a combination of factors in both the pigmentation and the stress response pathways. Ag NPs may act through one of the following mechanisms: 1) Ag NPs may decrease dopamine levels directly by targeting dopamine pathway genes, enzymes, or localization of melanins; or 2) Ag NPs may elicit the stress response, increasing hsp70 expression and generating ROS, or 3) a combination of both mechanisms. Future studies on the effect of Ag NPs in whole organisms should focus on delineating relevant pathways related to dopamine synthesis, stress response, or some combination.
